Abstract-In this paper, we propose an analysis of the coronary arterial tree obtained through magnetic resonance angiography (MRA). Ten datasets of the state-of-the-art SSFP MRI sequence are first qualitatively evaluated and labelled. Second, a quantitative analysis of anatomical and image features is performed. Finally, a comparison with an existing semi-automatic centreline extraction method is reported. The discussion deals with the clinical usage of such an imaging modality for both global anatomy visualisation and quantification purpose.
I. INTRODUCTION C ARDIOVASCULAR diseases (CVD) remain the major cause of death in western countries. However, an earlier and better diagnostic of CAD based on the advances made in imaging modalities leads to a significant decrease of mortality. Imaging sources play an important role as it enables to detect and characterize potential pathological patterns and to elaborate sound planning for therapy and efficient patient follow up. They provide relevant anatomical knowledge of the human heart vasculatures which can be confronted to patient-specific data in a therapeutic or surgical decisional process. Despite the high resolution of the XRay angiography, the gold standard for coronary analysis, other techniques are increasingly being included in clinical protocols : Multidetector Computed Tomography (MDCT), Electron Beam Computed Tomography (EBCT) and Magnetic Resonance Angiography (MRA).
Recent works show that MRA could discriminate significant (> 50%) from non-significant stenoses [1] , but they do not offer yet precise quantitative features. The state-of-art of MR sequences used for clinical studies are those based on steady-state free precession (SSFP) technique [2] , [3] , without contrast agent and in a free-breathing fashion.
Existing studies [4] , [5] report a moderately high sensitivity for detecting proximal stenoses and performing congenital heart disease diagnostic.
In this paper, we propose an in-depth analysis of 10 wholeheart coronary arterial SSFP MRA. They were acquired on 1.5T systems (Philips Intera and Achieva) at end-diastolic phase without contrast agent. MR sequence parameters are summarized in table I. First, we expose the involved coronary arterial nomenclature. Then a qualitative and quantitative study is performed to confirm the conclusion of closely related papers, and allows us to be more precise on the annotation and to go deeper along the vessels. Finally, a [7] preliminary comparison of the manual extractions against an existing semi-automatic centreline tracking algorithm [6] is presented and feeds the final discussion on factual benefits and future challenge of whole-heart coronary artery imaging.
II. ANATOMICAL BACKGROUND
In the following and for the whole paper, anatomical nomenclature is based on the coronary map used in [7] . Figure 1 shows the anatomical locations, with the corresponding names depicted in table II. For clarity purpose, we propose reader-friendly acronyms that will be used in the remaining text.
III. ANNOTATION AND MANUAL EXTRACTION
Existing studies, even recent, on whole-heart coronary MRA lack in-depth qualitative and quantitative analysis. In this section, we present the manually extracted coronary arterial trees from the ten datasets. First, the interactive process is described. Afterwards, an annotation performed by a radiologist is presented and confronted to the anatomical nomenclature. Finally, quantifications of vessel radius and image intensity are developed and discussed.
A. Coronary arterial tree extraction procedure
The manual extractions have been first roughly performed by interactively pointing each slice of the volumes in the axial direction. Resulting curves are uniformly re-sampled Figure 2 shows the ten arterial trees obtained after this interactive procedure. By slicing the MR dataset orthogonally to the curves, it is possible to carry out a straightened reformation of the arteries called Sa-CPR in the following.
The main drawback of an axial-exclusive slice pointing is that the centre of the vessel cannot be reliably located when the vessel runs tangent to the axial plane. It implies wrong centreline position for a non-negligible length of coronary arteries. To deal with this matter, the centreline is reconsidered by pointing on more truthful slices taken orthogonally to the rough extraction.
B. Coronary arterial tree annotation
Figures 3(a) and 3(b) display several labelled slices from the coronary artery MRA dataset #2. Whether right or left coronary artery, the annotation has been successful down to the distal segments. The figure 2 illustrates the manual extraction of the coronary arteries from the ten datasets. The extracted segments are reported in tables III and IV in term of success rate of identification.
This analysis demonstrates the merits of MR imaging for coronary arteries. The whole proximal and medial segments have been extracted, and even the distal locations for the most part of the datasets. However, whereas these merits are 
C. Quantitative analysis
The characteristics presented in this work are the estimated radii and the image intensity probed along the corrected centreline.
1) Estimated radii:
The radius is estimated at each Sa-CPR axial slice by pointing the north point of the vessel. As the radius is expected to decrease along a vessel, the result is presented through the simple linear regression parameters a (slope), y-intercept b and Pearson coefficient r. Figure 4 depicts the manually-pointed radius and the corresponding regression line for the RCA in one dataset. The regression slope is negative, that confirms the general decreasing trend expected along a vessel. However, the absolute Pearson correlation coefficient r is lower than √ 3/2, meaning that the dispersion around the regression line prevents a correct radius prediction. Results over the whole database show the same slowly-decreasing radius along the arterial segments but also a comparable variability of the estimated radii.
2) Intensity measurement: Figure 5 shows the intensity profile along the RCA of the volume #1 and the simple regression line. Although the slope of the regression lines are closed to zero reflecting an almost-constant intensity at centreline, the correlation coefficient highlights a highlyvarying intensity along the vessels. The figure 2 shows that this variability is also encountered between different datasets, where mean intensity along the whole trees ranges from 186 to 469. 
IV. PRELIMINARY TESTING OF A SEMI-AUTOMATIC SEGMENTATION METHOD
The findings of the previous section support the need for automatic or at least semi-automatic methods. They will avoid inter-and intra operator variability as well as inter-and intra-patient and fasten the extraction process. The challenging points concern the low vessel resolution, the high intensity variability along a vessel and between patients, loss of signal due to either pathology or artefacts and finally the proximity of bright structures (veins, ventricles).
A. State-of-the art methods
The fast evolving capabilities of MRI make it really appealing for CAD diagnostic. However, the amount of data increases with image quality. Therefore a comprehensive analysis of a whole-heart coronary artery MRA examination will take more and more time.
A challenging problem today is thus to propose methods that help clinicians by extracting the entire coronary tree together with the required measurements, also for pathological cases, in a reasonable time. One can refer to [8] for a review on vessel extraction methods and to [9] for an evaluation framework dedicated to coronary artery segmentation methods. The existing segmentation methods have been mainly tested on X-Ray angiography or MDCT modalities. In the following, we assess a recent geometrical momentbased tracking method integrating multiple hypothesis testing and regularization (MH-GMT) [6] and compare it with the manual extraction, considered here as ground truth.
B. Extraction results
Briefly speaking, the geometrical moment-based tracking methods are designed to extract a 3D curve from a volume, following a particular feature. As geometrical moments are able to compute the local orientation of a cylinder from image intensities, they are well-suited for vessel centreline extraction. The tracking starts from a seed point and iteratively build a curve from the estimated orientations until a stopping criterion is reached. The multiple hypotheses framework attenuates the tedious parameter tuning step. Figure 6 shows the ten arterial trees obtained together with the seed point locations.
In the following, we define over-detection and underdetection distances to assess the quality of the extracted arterial tree. Let T S be the tree obtained from MH-GMT and T R the manually extracted one. If p is a point from T S and q a point from T R , we define the over-detection distance OD as :
This measure allows to detect points that belong to the semiautomatically extracted tree T S but do not belong to the reference tree. Figure 7 (a) shows the over-detection distance (OD) for each point. The symmetric measure of (1) is able to detect vessels from T R that cannot be find in T S . It is called the underdetection distance U D and is defined as :
The visualization of U D for each reference point (figure 7(b) underlines the missing segments in T S .
An average of the results over the ten processed datasets gives the following figures : 13 seed points have been used, computation time was 61s, 90% of the MH-GMT extracted points are less than 2mm far from the manually extracted ones (OD distance) and 85% of the manually extracted points are less than 2mm far from the MH-GMT extracted ones (U D distance).
V. CONCLUSIONS
In this work, we have shown an unambiguous labelling of large parts of coronary arteries acquired by MR. To our knowledge, such a proof of the potential of MR imaging for coronary analysis at this depth was lacking. A global coronary anatomy should be reconstructed, bringing useful information for interventional planning.
We also showed that a MH-GMT is able to retrieve the labelled vessels thanks to 10 to 15 seed points. Therefore, without using any contrast product, MR leads to a performance comparable to MDCT [10] .
Future works will deal with the capability of automatic method to delineate the vessel lumen with an high accuracy. This information is necessary for a reliable diagnosis and intervention planning.
